The Cu(II)-catalyzed oxidation of 2,6-dichlorophenolindophenol (DCPI) in the reduced form by hydrogen peroxide was exploited for the development of a flow injection procedure for copper determination in plant digests and natural waters. For selectivity enhancement, a Chelex-100 resin mini-column (50 -100 mesh) was incorporated to the manifold. The proposed system is very stable, handles about 60 samples per hour, yields precise results (RSD<2% within 5.0 and 70.0 mg l -1 Cu) and requires only 0.87 mg DCPI per measurement. Beer's law is followed up to about 100 mg l -1 Cu and the detection limit is 0.09 mg l -1 Cu (in the injectate). Baseline drift was not observed during extended (5 h) operation periods. Results were in agreement with certified values of standard reference materials and recoveries within 95 and 104% were found.
Copper is an essential micronutrient for animals and plants, occurring usually at low concentrations in plant tissues (0.2 -200 mg g -1 ) 1 and in natural waters (<40 mg l -1 ). 2 This element has been considered also as an ambient contaminant; the demand for its determination is thus presently increasing.
Although sensitive, spectrophotometric methods using classical reagents such as dithiocarbamates, dithizone, cuproines [3] [4] [5] present some drawbacks, such as low selectivity and insolubility of the formed colored complex in aqueous medium, thus requiring often cumbersome liquid-liquid extraction. In view of the pronounced tendency towards "clean methods" 6 , it is advisable to replace the above-mentioned methods, especially for routine analysis where waste is produced in large amounts, increasing the quantity of organic solvent to be discarded. There are a number of other spectrophotometric procedures for copper determination based on complexing reagents 4, 5 but only a few of them were automated, resulting in procedures usually characterized by low sensitivity.
Alternatively, catalytic methods usually exploiting the ability of Cu(II) to modify the reaction kinetics in redox systems have been proposed. [7] [8] [9] [10] [11] In this context, a method involving the catalyzed oxidation of the reduced form of 2,6-dichlorophenolindophenol (DCPI) by hydrogen peroxide was recently proposed, and its superior characteristics of sensitivity, selectivity and robustness relative to other methods were emphasized. 12 The main purpose of the present work was then to evaluate the feasibility of the above-mentioned indicator reactions in a flow injection system for analysis of plants and natural waters. Considering the ability of the Chelex-100 resin for copper separation/concentration 13 , we designed the system to accomplish in-line separation.
Experimental

Reagents, standards and samples
All solutions were prepared with high-purity deionized water delivered by a Milli-Q purification system (Millipore). The chemicals were of analytical-reagent quality except DCPI, which was a commercial product used without further purification. For selectivity evaluation, spectrographically pure chemicals from Johnson & Matthey Co. (London) were used.
Plant leaves were mineralized according to a wet digestion procedure 14 involving nitric and perchloric acids. The sample amount was ca. 0.5 g (dry basis), and the 50-ml digests presented a mean acidity of about 0.25 mol l -1 HClO 4 . Working standards were then prepared to match this acidity.
The stock standard solution (100.0 mg l -1 Cu, also 1.0%v/v HNO 3 ) was based on copper sulfate pentahydrate. Working standards within 0.0 and 70.0 mg l -1 Cu were 0.25 mol l -1 in HClO 4 . Reagent R 1 ( Fig. 1) The resin mini-column was built up by packing the Chelex-100 chelating resin (Bio Rad, 50 -100 mesh) into a 5´0.3 cm Tygon tube. Plugs of polyethylene foam were placed at both ends of the tube to avoid resin losses during system operation. The resin column was conditioned by passing a 1.0 mol l -1 nitric acid solution (1.0 ml min -1 ) through it for about 5 min.
Apparatus and flow diagram
An Ismatec mp 13 GJ4 peristaltic pump with Tygon pumping tubes, a Femto 432 spectrophotometer with a tubular flow cell (optical path 10 mm, inner volume ca. 100 ml), a manually operated injector-commutator 15 , and a Kipp and Zonen Model 111 flatbed strip chart recorder were used. The manifold was built up with i.d. 0.8 mm polyethylene tubing, T-shaped connectors and accessories.
The system in Fig. 1A was used to investigate the influence of the main parameters involved. The sample volume selected by the sampling loop L was intercalated into the carrier stream C 1 , the sample plug was transported towards a confluence point x where reagent R 1 was added, and the ammonium-ammonia buffer system was established inside the following reactor B 1 .
Reagents R 2 and R 3 previously mixed (reactor B 4 ) were added at point y and homogenization occurred at reactor B 2 . Hydrogen peroxide was added at the next z confluence, allowing the indicator reaction to proceed inside the main reaction coil B 3 . Passage of the processed sample through the flow cell resulted in a transient absorbance monitored at 562 nm and recorded as a peak with height proportional to the copper content in the sample. After peak maximum achievement, the injector-commutator was switched back to the position specified in Fig. 1A , starting another cycle. In this design, baseline reflected the extent of the uncatalyzed reaction.
Inclusion of the chelating resin mini-column in the manifold resulted in a similar flow system (Fig. 1B) which was applied to analyses of water and plant samples. Figure 1B shows the flow diagram in the sampling position. When the injector-commutator was switched, the sample volume was allowed to flow through the resin where Cu(II) was retained and the depleted sample with interferant ions were directed towards waste. When the injector-commutator was moved back to the initial position, the resin was placed into the eluant/carrier stream C1 which displaced the retained copper(II) ions towards detection. The established analyte zone was processed similarly as in the 1A system.
Procedure
Influence of flow rates, reagent concentrations, reaction pH, temperature and presence of potential interferent ions were studied with the system in Fig. 1A . In these experiments, 5.0 -70.0 mg l -1 Cu solutions were injected in triplicate. The progress of the uncatalyzed indicator reaction was evaluated by noting the baseline absorbance, and the tendency of the catalyzed indicator reaction was verified by placing the lowest standard solution (5.0 mg l -1 Cu) in the situation of "infinite volume" 15 and stopping the peristaltic pump after achievement of the steady state.
Concentrations of DCPI and ascorbic acid were investigated within 0.25 and 5.0´10 -3 mol l -1 , and the interaction time between these reagents was studied by using different (5 -250 cm) B 4 coil lengths. Hydrogen peroxide concentrations were varied between 0.1 and 0.8 mol l -1 and the pH for development of the indicator reaction (stream flowing through coil B 3 and flow cell) was studied between 9 and 14 by using several solutions (ammonium chloride+sodium hydroxide, sodium hydrogenphosphate, ammonium hydroxide, sodium hydroxide and ammonium+sodium hydroxide) at different concentrations. For each situation, the pH of the stream leaving the flow cell was potentiometrically determined.
For selectivity evaluation, an extra confluent stream (I-broken line, 2+ or Ca 2+ , all 0.25 mol l -1 in nitric acid. Moreover, 0.01 -0.10 mol l -1 (in R 1 ) diethyldithiocarbamate, iodide, pyrophosphate, piconilic acid, hydroxyquinoline, bathocuproine, formaldoxyme were studied as masking agents. After replacement of the masking agent, pH of the solution leaving the flow cell was adjusted to 10.5 by adding perchloric acid or ammonium to R 1 . Finally, the influence of ionic strength was investigated by adding up to 4.0 mol l -1 KCl to the stream I.
With the 1B system, the main parameters related to the separation step were studied, such as pH for the sorption process, composition of eluant C1, influence of sample acidity (0.15 -0.25 mol l -1 HClO 4 ), composition of C 2 , R 5 flow rate and commutation timing (10 -200 s).
After system dimensioning, the system was applied to analysis of plant digests and natural waters. Precision was estimated after 10-fold processing of typical samples and the detection limit was calculated according to IUPAC recommendations. 16 For accuracy checking, standard reference materials were run and recovery tests performed.
Results and Discussion
Reaction conditions
Color formation depended both on mean available time for reaction development and reagent concentrations. Because high sensitivity was desired, the pumping speed was chosen to provide a total flow rate of about 5 ml min -1 , as a compromise between sampling throughput and sensitivity. Carrier-to-confluent flow rate ratios could not be increased at will to avoid the need for high concentrated reagents and to permit suitable mixing conditions inside the main reactor. In this way, flow rates were: 2.0 ml min -1 for the carrier stream; 1.0 ml min -1 for the buffer solution and hydrogen peroxide streams; and 0.75 ml min -1 for DCPI and ascorbic acid solutions, respectively.
Order of reagent addition was found to be a relevant parameter. DCPI should be added after pH adjustment, because this reagent was introduced into the system in the reduced form, and it could be oxidized in an acidic medium. Hydrogen peroxide was the last added reagent, to avoid oxidation of DCPI or other organic compounds present in the sample by oxygen. Moreover, hydrogen peroxide could not stay in the analytical path for a long period, in order to avoid formation of gas bubbles. The reagent addition order was then: buffer solution, previously mixed DCPI+ascorbic acid, and hydrogen peroxide (Fig. 1A) . B 1 and B 2 coil lengths were very short (30 cm): in this situation and with B 3 >50 cm, a stable baseline with fluctuations <0.001A was always recorded. As the mean available time for development of the indicator reaction and the analytical frequency depended on the length of coil B 3 , this was an important parameter. For B 3 >200 cm, however, further increase resulted in an excessive development of the uncatalyzed reaction relative to the catalyzed one, with a consequent reduction in the catalyzed-uncatalyzed development ratio. In addition, linearity of the analytical curve deteriorated. On the other hand, for shorter B 3 lengths (<100 cm), sensitivity was unacceptable, because there was not a suitable mean available time for color formation. Therefore, the length of reaction coil B 3 was fixed as 150 cm.
DCPI and ascorbic acid concentrations were interdependent parameters, because the DCPI reagent should be added in the reduced form, which was in-line obtained by reacting this reagent with ascorbic acid. Therefore, a given time interval (proportional to the B 4 length) should be provided for this reaction. When this coil was <100 cm, quantitative DCPI reduction was not attained, leading to a very high (<0.5A) and unstable baseline. For a 150-cm B 4 coil, the baseline was stable and color was not observed in the analytical path, indicating the complete DCPI reduction. Any length higher than 130 cm could be chosen for B 4 coil: here a 150-cm length was selected to minimize the contact between reduced DCPI with unreacted ascorbic acid. The ascorbic acid concentrations inside the analytical path should be higher relatively to DCPI, in order to guarantee that the reagent was in the reduced form. However, the reductant concentration could not be increased indefinitely, as the indicator reaction depended on the redox potential of the system. It was verified that the presence of ascorbic acid in large excess (6´10 -3 mol l -1 in R 2 ) resulted in a decrease in the amount of formed products, in view of the competitive oxidation reaction between DCPI and ascorbic acid by hydrogen peroxide. Increasing the DCPI concentration (accordingly, the ascorbic acid) improved sensitivity (Fig. 2 ), but this increase was limited by solubility. When DCPI concentration was >5´10 -3 mol l -1
, settlement of a blue lack on the tube inner walls and connectors was observed with the naked eye; from time to time, some solid material was liberated and directed towards the flow cell, impairing the measurement. In this situation, measurement precision deteriorated. Therefore, concentrations of 4.0 and 5.0´10 -3 mol l -1 were selected for DCPI and ascorbic acid, respectively.
Regarding concentration of hydrogen peroxide, when it was increased, an improvement in sensitivity was observed. However, for concentrations >0.5 mol l -1 reproducibility was poor, because of the excessive formation of gas bubbles, mainly when the temperature was higher then 25˚C. In addition, increasing the peroxide concentration led to an undesired speed-up of the uncatalyzed reaction. Alternatively, when the peroxide concentration was <0.3 mol l -1 a pronounced reduction in analytical signal was observed. A 0.4 mol l -1 hydrogen peroxide solution was then elected as R 4 .
Alkalinity inside the main reactor, as well as composition of the buffer system, were also important features. Sensitivity improved by increasing the pH value, since ammonia was present. When the reaction was developed in absence of ammonia, a lessening in analytical signal was observed. The effect can be associated with formation of the copper-diamine species which are more efficient in catalyzing the indicator reaction. When sodium hydroxide was used, sensitivity was poor, in spite of the increase in pH, emphasizing the need for inclusion of ammonia to yield the copperdiamine complex. The effect was confirmed by adding only sodium hydrogenphosphate as a buffer solution (pH inside B 4 about 12): no analytical signal was observed. The effect can be also explained in terms of copper complexation by phosphate and its unavailability as catalyst. Ammonium chloride turned out to be a suitable buffer constituent, but the increase in pH was limited. Moreover, it required sodium hydroxide addition to R 1 which was not beneficial in view of the eventual liberation of gas bubbles. When the stream R 1 contained only ammonia, the progress of the reaction was satisfactory, as well as the stability of the system. A 1.0 mol l -1 ammonium hydroxide solution was thus selected.
The indicator reaction rate increased in about 40% when the temperature increased from 20 to 30˚C, but baseline became unstable, mainly because of the decreased gas (NH 3 ) solubility and hydrogen peroxide decomposition liberating O 2 . Therefore, further experiments were carried out at room temperature (25±2˚C).
Concerning selectivity, none of the tested chemical species, except for Mn 2+ , caused any measurable modification in analytical signals, even in large amounts (Table 1) . Studies involving different masking agents such as diethyldithiocarbamate, iodide, pyrophosphate, picolinate, hydroxyquinoline, bathcuproine and formaldoxyme demonstrated that masking addition was either uneffective for minimizing Mn 2+ interference or inadequate in view of the copper(II) complexation.
Therefore, it was decided to separate this interferant by using a chelating resin.
Design of the system with separation step
Experiments carried out with the 1B system revealed that the main parameters affecting system design were pH for sorption of copper(II) ions on the resin, length of coil B 5 and flow rate for C 2 stream which defined the available time for interaction between analyte and chelating resin. For 0.4 mol l -1 sodium dihydrogenphosphate as R 5 , 0.3 mol l -1 nitric acid as C 2 , and a 50-cm B 5 coil length, a buffer solution (pH 2) flowing inside B 5 coil was attained. Parallel experiments demonstrated that, in this condition, most of the cations were not retained by the resin, with the exception of copper(II) which was quantitatively retained. In this way, the sample was introduced into the system, buffered to pH 2 and forwarded towards the resin minicolumn where copper(II) ions were sorbed, the other potential interferents being discarded. When the resin was intercalated into C 1 (0.5 mol l -1 HNO 3 ), copper(II) ions were eluted by hydrogen ions. It should be stressed that for pH >2.5, Mn(II) was retained too, its interference increasing with the pH value. On the other hand, sensitivity deteriorated for pH<1.5 because a significant amount of copper(II) ions was not retained. Another relevant parameter was the C 2 flow rate. When it was higher than 4 ml min -1 , quantitative copper sorption was not attained. In this way, flow rates for C 2 and R 5 were fixed as 1.5 ml min -1 . Sampling time was then fixed at 60 s, enough to process the entire flowing zone. In this situation, sensitivity was similar to that related to the 1A system, and selectivity was better. The concentration factor (here about 1.0) could be easily increased by using larger injected volumes. Here, this was not done because the inherent sensitivity of the selected method was enough for water and plant analysis.
Applications
The proposed system (Fig. 1B) was remarkably stable, and no baseline drift was observed during 5-h operating periods. It handled about 60 samples per hour, the sampling rate being limited by the time interval necessary for operation of the mini-column. This 568 ANALYTICAL SCIENCES JUNE 1998, VOL. 14 For plant analysis, relative standard deviations of results were estimated as <2% after 10-fold processing of typical samples with copper contents within the 24.7 -68.3 mg l -1 Cu range. The detection limit was determined 16 as 0.09 mg l -1 relative to the injected solution. This figure was rarely reported for copper determination and could be made even better by increasing the sample injected volume. It corresponded to 9 mg g -1 (dry basis) in the plant leaves. The procedure was not affected by sample acidity within 0. 15 
